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ABSTRACT 


An investigation was made to determine possible correla- 
tions between Secchi depths and other simultaneously measured 
oceanographic parameters which were on file at the National 
Oceanographic Data Center as “ieManch 1972. "Sixty-three one- 
degree sub-squares occurring in Japanese and Korean waters 
and eleven Atlantic and Pacific open ocean areas were chosen 
for linear correlation analysis using both sea surface data 
and mean values of some fourteen different oceanographic 
parameters averaged over the Secchi depth. In particular, 
oxygen measurements exhibited trends toward an inverse pro- 
portionality with Secchi depth while temperature indicated a 
possible direct proportionality. 

Time series analyses of Secchi depths were performed and 
compared with upwelling indices computed for the Oregon’ coast 
and near Monterey Bay, California. An inverse proportionality 

and possible phase lag of mean Secchi depth compared to 
monthly upwelling index was ohserved. Multiple regression 
equations relating Secchi depth and upwelling index were 


eleulated for both locations. 
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I. INTRODUCTION 


A. GENERAL 

Optics, considered as a SpeCial branch of oceanography, 
has been the subject of renewed interest among oceanographers 
during the past few years. Solar radiation serves as the 
source of energy for the oceans, supplying them with heat 
and supporting their ecology through photosynthesis. Light 
is important for nekton and zooplankton of the ocean in 
finding their food and evading attack. Daylight and arti- 
ficial lighting are also important for underwater viewing. 
And light may be used on occasion as an effective probe to 
resolve otherwise ambiguous measurements in physical 
oceanography. 

Several op ines tion of light to the’study of the oceans 
have been noted. Tyler and Preisendorfer (1963) have class- 
ified these under three broad areas, including, 


(1) Descriptive oceanography and other geophysical 
applications; 


(2) Photosynthesis and other biological phenomena; and 

(3) Image-recording equipment. 

Duntley (1965) speculated on the possibility of conduc- 
ting oceanographic studies by human observers in a Manned 
Orbital Research Laboratory (MORL). Among the potentialities 
discussed were the determination of sea state and surface 
wind velocity by means of visible light. He explained that 


fnewshape and size of the glitter pattern due to the 


at 





reflection of the sun by the surface of the sea is inter- 
PreLaplemine LCrmse OL surface wind cumin vem a neta tees Da 1 alee 
Mmeaveraved Inherent*radzanee* of the ocean varies in a 
known way with sea state. 

The above potentialities have been achieved to a limited 
extent in recent years by the use of satellites such as Sky- 
lab and ERTS-1. Petri and Starry (1973) have also estab- 
lished the feasibility of remotely measuring wind magnitude 
and direction in a real environment bywane UsSemonpe pulsed 
laser systems. 

Growing attention has been attracted to the possibility 
Me Characterizing water masses Dy means Of their optical 
properties GUerlov, 1968). For example, Pak and Zaneveld 
(1973) traced the Cromwell Current to the east of the Gal- 
apagos Archipelago using optical techniques. 

Among important applications of optical oceanography, 
one of the most important is in the field of marine biology. 
The physics of radiant energy is of direct importance for 
wolidgeine thes phoeoesymenetre aetivety in the seas Optical 
measurements have served as a valuable aid in locating areas 
of high biological production and potential fishing grounds. 
Duntley (1965) has pointed out that multi-spectral photo- 
graphy conducted from an MORL should enable a quantitative 
assay of chlorophyll in sea water, and that other biological 


features of the ocean, fOrecxcmpilc. suhe occurrence and 


i 
Radiance is flux per unit projected area per unit solid 
angle in a specified direction. 
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Giserabution Of rea tide, should be observable under clear 
weather conditions. Clarke, et al. (1970) have shown that 
spectral measurements of backscattered light can be used to 
determine the abundance of chlorophyll,.as well as to trace 
currents, pollutants, or other significant materials in the 
water. 

The work of.Duntley (1952) emphasized the importance of 
underwater lighting for vision, television, and photography. 
Pemeceplained themimpertances ofequantitative prediction of 
the irradiation produced at the object, on its background 
and throughout the observer's path of sight by incondescent 
lamps or flash tubes. This can enable optimum lighting 
arrangements and camera positions to be planned in advance 
and exposure to be predicted with sufficient accuracy to 
permit high-contrast photographic techniques to be employed 
pumceulyolymebuUntley (lo/7/i) explained that the @reatest hope 
for truly long range underwater imagery is by means of 
pulsed lasers and gated electro-optical cameras. 

Scatterance and beam transmittance meters are commonly 
used in the*®field of pollution research. Another frequently 
employed measurement scheme involves the use of fluorescent 


dyes as tracers in order to study diffusion in the sea. 


Bb ee eACKGROUND ON THE SECCHIT DISC 

The Secchi disc is one of the most widely used devices 
for measuring ocean water transparency. The disc was first 
mentioned in a published report by Commander Cialdi in 1865 


and recently translated into English by Collier (1968). 


is 





Cialdi's report contained a scientific diary by Professor 
Sccchiein which the factors affectang,the visibiflity of’a 
disc when lowered vertically in the sea were examined. These 
hactonsesinicluded disc color, solar altitude, sea surface 
reflections and refractions, ship's shadow, sky clearness, 
water color, disc diameter, and the height of the viewer above 
the--water surface. Secchi observed an increase in depth at 
which the disc disappeared fromysight associated with 
increased disc whiteness, solar altitude, sky clearness, 
and disc diameter. He noted that image dissection by surface 
Getgact 1OnMecaused the Visibility of the disc to Iahese. 
and that the ship's underwater shadow also influenced its 
Visibility. He also demonstrated the detrimental effect of 
surface reflections on the measurement and recommended a 
wide shadow over the place where the observations were being 
made. 

Secchi's work established the experimental procedure 
for obtaining transparency with a Secchi disc, and in the 
years following his work, the Secchi disc became a widely 
used oceanographic tool. However, Tyler (1968) noted that 
it was never really standardized. That is to say, it was 
used widely because of its simplicity, but its physical 
iOS were never fully specified. Holmes (1970) also 
noted that both disc diameter and reflectance have never been 


standardized or specified. Postma (1961) observed the 
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following limitations of Secchi disc measurements compared 
to measurements carried out by submersible K -meters:” 

(1) Secchi measurements can only give information on 
Pio extiImemrolne 1 SUTiace Waters); and they can only be’ carried 
out in daylight of sufficient brightness, whereas irradiance 
measurements can be performed to somewhat greater depths. 

(2) When using a Secchi disc no continuous registration 
is possible, nor are determinations at various wavelengths, 
Buiercas the use of appropriate filters in a’K -meter a'llows 
recording continuously with depth. 

(3) Finally, the result of a measurement with a Secchi 
disc depends upon the visual acuity of the observer and on 
the daylight illumination and reflection from the sea's 
surface, which is not the case neha BUI Sieaeles 

Because of these limitations and difficulties it might 
appear that Secchi measurements are of no great importance. 
On the contrary, they can give valuable results as will be 
Shown below. The Secchi disc has been widely used because 
of its low cost and convenience, and considerable research 
has been devoted to its utility as a practical instrument 
for measuring water transparency. 

Secchi depth measurements have been especially useful to 


marine biologists, who have established practical relation- 


se 

K ais the diffuse attenuation coefficient, a measure 
of the exponential attenuation of downwelling irradience in 
biemsea. ~bIOlOgISts often use the tern “vertical extinction 
SOctrMetent to-denote K . It is not to be confused with 
Hicebeanmeattenuation coefficient @ic" om "''), a measure of 
the total attenuation of a collimated light beam through a 
fixed path length. 


eS 





ships between Secchi depths and vertical extinction coef- 
ficients. Holmes (1970) mentioned that it is common prac- 
tice for biologists interested in primary production to 
consider the bottom depth of the euphotic zone’ to be equal 
to three times the Secchi depth. An inverse relation between 
the amount of phytoplankton and the visual range of the 
Secchi disc has -been observed by Atkins, Jenkins, and Warren 
(1954), Arsen'yev and Voytov (1968), Voytov and Dement'yeva 
(1970), and others. From data collected in the English 
Channel, Poole and Atkins (1929) developed a widely used 


Splisied anor tsnOredapproOximdating Extinct gon coctticients: 
Kus 1.7/2. 


DC 1go ASDC Mert 1 Gale tinct 1 ONEcOet tcc it ang. Z. 1s the 
secchi depth in meters. Murphy (1959) established a positive 
Gornelation between albacore troll catches and water clarity. 
He asserted that the Poole-Atkins relation can be used to 
approximate closely the horizontal visual range of albacore. 
The Poole-Atkins relation has also served as an aid in the 
investigation of primary organic productivity as demonstrated 
by Ryther and Yentsch (1957). Holmes (1970) investigated 
transparencies in Goleta Bay and suggested that for turbid 
water 1.44 is probably a more appropriate factor than 1.7 

in the equation above in estimating extinction coefficients 


from Secchi depths. He also suggested that the relation between 


x 
Roughly the depth at which the downwelling irradiance 
eid “decreased to 1% of its value at the surface. 
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Secchi depth and the 1% optical depth merits additional 
study to incorporate a wide range of Secchi depths. 

Visser (1967) examined Secchi and seawater color obser- 
vations from the North Atlantic Ocean and developed the 
following empirical relation relating Secchi depth and 


Meklow CONnLent Of BSCawater : 


100 


a7 = 0.26Y + 1.9 
Ss 


where Z. is Secchi depth in meters and Y is the percentage 
yellow calculated from the Forel color scale. However, he 
cautioned that the relation was valid only for the particular 
ocean area investigated. Frederick (1970) examined possible 
Similar relations between Secchi disc observations and color 
codes for other ocean areas based on Visser's findings. 
DUCiuuartant | hhy was LOUNnd EOMexist, sand no simp ley empinical 
relation could be determined. Brown (1973) observed a 
Similar pattern Him relating Seechz depth and Forel” color 
code as reported by Visser. Although he observed the same 
trend, no universal numerical relationship valid for all 
oceans was found. . 

Graham (1966) HeGern nee relationships between diffuse 
attenuation coefficients Cae peacesmmocalsmor; Secchii=dise 
readings, and color observations from data collected in the 
central and eastern North Pacific Ocean. He concluded that 
the Secchi disc is a useful tool, but that caution should be 


observed when extrapolating the relationship between Secchi 


IZ 











disc measurements and extinction coefficients from one 
oceanic environment to another. 

Postma (1961) investigated the relation between Secchi 
depth measurements and suspended matter both experimentally 
in the laboratory and in the coastal waters of the Nether- 
lands. He concluded that Secchi disc measurements are a 
valuable source for additional information concerning prop- 
erties of suspended matter. Estimates based on the empirical 
PohiiaLOnoanipsebeLween dit fuse alitenuation cockticients. (ki) 
and amount of suspended matter per unit volume of sea water 
and Secchi depth discussed above are usually strictly valid 
only in one particular oceanic region and are not generally 
useful elsewhere. Although these estimates may have rela- 
tively large standard errors Secor rated with them, they may 
be acceptable for certain types of work, such as in some 
areas of marine biology, where a high degree of precision 
and accuracy iS not always required, or in marine geology, 
where gross measures of sediment transport are desired. 

In developing practical relationships between Secchi 
depth and other oceanographic parameters, correlation 
coefficient analysis is considered to be a useful starting 
point. Brown (1973) conducted such an analysis on a world- 
wide basis using sea surface data. Because mid-oceanic 
data were sparse, nearly all areas analyzed were coastal 
areas subject to localized effects such as fresh water run- 
off and upwelling. With these limitations, no simple and 


consistent relations between Secchi depth and other 
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parameters were evident; however, several trends were noted. 
He found that oxygen measurements exhibited trends toward an 
menverse proportionality witheSecchi depth, while bottom depth 
data indicated a possible direct proportionality. He also 
observed that lower salinity water and high amounts ate Si ilal 
cate were associated with decreased transparency in coastal 


areas -subject to fresh-water runoff. 


OF PURPOSE OF INVESTIGATION 

In view of the studies discussed above it was proposed 
to continue the search begun by Brown (1973) for possible 
correlations between Secchi depths and other simultaneously 
measured oceanographic parameters in areas of high data 
demistey ss) 46becas as small as one degree latitude by one degree 
longitude were chosen to avoid unnecessary averaging of 
data from varying water types and differing coastal influences 
but at the same time to maintain a high data density, insur- 
ing a fairly representative analysis. 

Open ocean areas having no coastal-type influences, such 
as from fresh water runoff and upwelling, were also to be 
examined, since correlations determined for such areas might 
yield results which could be simply and accurately extrapo- 
lated to similar ocean areas. Resulting correlations from 
coastal and open ocean areas were then to be compared and 
consistent trends were to be noted. 

Furthermore, it was proposed to compare correlations 
between Secchi depths and sea surface data and those he- 


tween Secchi depth and mean values of oceanographic parameters 


Lo 





emerapecdmovcr the oeccehi depth. This was to determine the 
validity of the use of sea surface measurements conducted in 
past correlation studies of this nature (Brown, 1973). 

In addition, monthly and yearly time series analyses of 
Secchi depths were to be performed and compared with upwelling 
indices computed from historical meteorological data by 


Baokun -(49:73) for the» west coast of-North “America. 
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Peer el HONS OF INVE SHIGA TON 

A. DEVELOPMENT AND DESCRIPTION OF 

LAE SCORRELAT TONSCOGErFICTENT 

1. Variance and Covariance 

The variance and covariance are necessary in the 

development and formulation of the correlation coefficient. 
A brief description and a summary of these statistical 
measures are provided in this section (Dixon and Massey, 
m957). 


i Zz @ : 
The variance, o , 1s defined as: 


where N is the -_, of observations Xx. and p is the mean 
meethe X-7 ) = x 2, Xs. 

hie variance His#concerned with a sunele measured 
Pe iab ler The object of statistical analysis is often 
directed at discovering relationships among two or more. 
variables. The simplest way of determining a relationship 
between two variables is to compute their covariance, a 
measure of the common variance between two variables. This 
Meistmeomis Nardmtosuse dircetly DULL 1S very Important in the 

development of more advanced analysis. The covariance be- 

tween X and Y, with arithmetic means um and Uy» respectively, 


1S given as: 


Zn 





_ a ae Te 
Da aE 2, (5-H IM-vy) J 


Zaeeor ve Vatron COocit mo1ent 

To put the variances of two individual variables 
and their covariance into a meaningful measure, the corre- 
Natsonmeoctficicnaeas uscd. hist statistic ranges=trom —i 
wot Loe whenes+ |weonrelatton andicaces! that LWO Variables are 
Glo Kcmmm ec fhe hate wot “change im vOLh ise propor 
tional. Zero correlation implies statistical independence 
or the absence of any association. Negative correlation 
implies opposite association with one another. That is to 
Say, as one variable increases the other consistently 


BecreasecSweamine correlation coefficient is defined: 


1 
72 


- Ley, 
Oy ag CARE 


) 


tah -th 
and j vari- 


h 


where ae is the correlation between the i 


th 


Deo is Le meavaAlLaiice beuween he @ and 5 variable, 


1) 
and Os and Shee are Chem 5c CMkvcmy ar lances: 
B. METHOD USED IN OBTAINING CORRELATION COEFFICIENTS 
1. Biomedical Computer System Program (BIOMED) 

The Biomedical computer system programs were 
developed at the University of California at Los Angeles 
(Dixon, 1973). The programs were initially developed to 
handle extensive analyses of large amounts of data in 
medical research. However, they are written in such a way 
that a wide variety of problems may be handled by each pro- 


gram by specifying the appropriate parameters of the problem. 
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Ze BIOMED O20 (Corne lation with Transgeneration) 


This program is designed to provide basic descrip- 
el0n and®tabulation On raw data. The output consists of 
the sums, means, and standard deviations of all variables. 
itisadaditiom three matrices) are provided. All three are 
square and symmetric with dimensions equal to the number of 
vardabhbes. The first -and second matrices are the cross- 
product deviations matrix and the variance-covariance matrix 
mespectively. ihe third matrix musi the correlation matrix: 
The diagonal elements show the correlation of variables 
with themselves and, hy definition, they snould@eorre late 
worrectiy. | Hence, asea check @£ validity of the correlation 
iathixgetie diagonal elements should al~®be 1.0. A «sample 
output of this program is provided in Appendix B. 

The two most significant features of this program 
arcetnesboolean selection Of cases On input and the crosis- 
DIGCGtEnO soteevariables on output.) Ihe Boolean selection 
enables the screening of cases in order to omit those of no 
Tile@erest. 

The cross-plotting feature enables the user to iden- 
Mitteweadebase variable and pleteother variables against Ht on 
individual graphs. Transgeneration options are also avail- 


able for use in this program. 
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Pie NAL Yo OF DATA 


A. GENERAL 

The primary oceanographic data used in this study were 
On magnetic tapes obtained from the National Oceanographic 
‘Data “Center (NODC). “The information tnctuded:a global 
meveragceto March 1972 of all NODC Secchi data plus all the 
other station data collected at the same time Secchi measure- 
ments were made, including all chemistry from 86,258 sta- 
tions. Screening of data to simplify computer handling was 
conducted for a former study (Brown, 1973) and preserved on 
Lapee miewdata usiled’im Ehe present study consisted of the 
following: 


Seccnieacpth 
Day 

He cag 

Latitude 
Longitude 
Marsden square 
Water depth 
nore! color 
CloMdecov er 
Month 

Water temperature : 
Salinity 
Sigma-t 

Oxygen 
Phosphate 
Phosphorus 
Nitrite 
Nitrate 
Silicate 


Only those chemistry measurements obtained at depths 
above Om at the siame level as the Secchi depth at each 
Station were employed. Sample pH, although available, was 


not used in this study. 
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The data were stored on disc at the Naval Postgraduate 
Computer Center for analysis. A previous inventory of the 
data indicated a sparsity of open ocean data and an abun- 
dance of data in some coastal waters, especially off Japan 
and Korea. 

In referring to the geographical areas studied, a ten- 
degree latitude by ten-degree longitude ‘Marsden ‘square 
numbering system was used. Figures 1A and 1B show the 
global Marsden square coverage. In high data density areas 
Marsden squares were further broken down into one-degree 
sub-squares. Figure 2 shows the one-degree division number- 


ing system used. 


B. LINEAR CORRELATICN ANALYSIS 
ieee apanese and wkoneanaiater s 
a. Correlations Using Sea Surface Chemistry Values 
Dee to the great relative abundance of data in 

Japanese and Korean waters, they were selected for initial 
analysis. They fall within Marsden squares 130, 131, and 
132, which were broken down into one-degree subsquares. 
MEter preparation Of a data distribution inventory, the 63 
subsquares indicated in Figures 3A and 3B were chosen for 
linear correlation analysis. Coefficients and cross-plots 
were then obtained using Secchi depth measurements as a base 
variable against latitude, longitude, water depth, Forel 
color, cloud cover, month, and all sea surface chemistry 


McCasud CMments. 
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b. Correlations Using Mean Chemistry Values 
Uponscomplepionwer the initial®@correlation 
analysis, 21 previously chosen subsquares were selected for 
further analysis. Corrélaition coefficientis and crosis-plotis 
were again obtained using mean values of parameters averaged 
Sumer eric eocecnl Wepth at each Bation. Wemperature, salinity, 
Sigma-t, and oxygen-‘were selected:on ‘the ‘basis of ‘consistency 
of correlations and data density. <A sample program used for 
averaging the parameters 1S provided in Appendix A. Screen- 
ing was necessary in both analyses to eliminate stations with 
erroneous Or Gulestionablite data. 
Zy. Open Ocean Areas 

Although open ocean data were limited, 11 areas were 
selected for correlation analysis.” These included@six areas 
in the Pacific Ocean and five areas in the Atlantic Ocean 
and are shown in Figures 1A and 1B, designated by an area 
MunberwmASmean ba seen £rom the fipmres, each of the aneaas 
selected in the Atlantic Ocean contains several Marsden 
squares. It was necessary to use more than one square in 
order to provide enough data for a reasonably representative 
analysis. All areas were selected to provide a sufficient 
data base and to minimize coastal influences such as fresh 
water runoff and upwelling. Correlation coefficient analyses 
were accomplished using both surface values of oceanographic 
parameters and the mean values of parameters averaged over 


em occ ein adiep tall. 





*& 
The boundaries of these areas are given in Table V. 
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Ge LIME SERIES ANALYSIS 

The purpose of a time series analysis was to group Secchi 
depths by month and year and to compute average Secchi depths 
by month. The resulting average Secchi depths were then 
compared to previously computed upwelling indices along the 
west coast of North America. Appendix C is an example of 
the type of ‘Fortran program utilized in“the time series 
analysis. Coastal upwelling indices were obtained from 
Bakun (1973) for years 1946 through 1971. ‘In addition up- 
Hembing indices were Obtainiled for years 197/2@and 1973 (Bakun, 
1974). Figure 21 shows the data grid and intersections at 
which his upwelling indices were computed. 

Bakun's monthly indices were based on offshore Eckman 
transport calculated from daily mean surface atmospheric 
pressure data. Summaries by quarter and by year were also 
included, In generating the indices Bakun estimated the 
daily mean wind stress on the sea surface at points near the 
coast, from this computed the Eckman transport, and finally 
resolved the component of Eckman transport perpendicular to 
the coast. The resulting “upwelling indices" have units of 
cubic meters per second per 100 meters of coastline. The 
Magnitude of the offshore component is considered an indica- 
tion of the amount of water upwelled to replace that driven 
offshore. Negative index values indicate onshore transport 
or convergence at the coast (downwelling). 

The time series program was utilized for two areas for 


which upwelling indices were available to allow a comparison 
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between the indices and monthly Secchi depth averages. In 
addition to the NODC data, Secchi depth data were obtained 
from the Hopkins Marine Station of Stanford University. 
Since 1951 Hopkins Marine Station has carried on a continu- 
ous hydrobiological survey for the California Cooperative 
Oceanic Fisheries Investigations (CalCOFI) with cruises at 
approximately two-week intervals on Monterey Bay faird sinerud - 


ing stations at the $1x Jocations shown in Figure 27. 
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[Veet SCUSSION OF RESULTS 
A. LINEAR CORRELATION GOEFFICIENTS USING SEA SURFACE 
CHEMISTRY VALUES 
1. Japanese and Korean Waters 

Summaries of data distribution, parameter mean 
values, and resulting correlation coefficients are tabulated 
in Tables I, II, and III respectively. They are listed 
according to Marsden square and Marsden subsquare numbers. 
mintcan COrreldtlolm cocittletent Prapns Lor most Of the sSub- 
Sia eo a bem OetCca ner arures 45 turouom 4Nee and Several 
Samples of cross-plots are illustrated in Figures 5 through 
meeeuhe data density codes used in the €ross-plots are 
translated in Table IV. 

As was expected (Brown, 1973) no consistencies in 
correlation coefficients between Secchi depth and latitude, 
longitude, cloud cover, and month of year were apparent. 
However, cross-plots of latitude and longitude served as a 
valuable aid in determining erroneous’ station positions. 
This was true where coastal boundaries were within the sub- 
Square boundaries. Stations with inland position locations 
Were sehem Sereened andeaiScCardedmmur ing) amalySese =Cross- 
plots of month of year were also valuable in determining if 
Station densities were representative throughout the year. 
AitnWouci One Mipehe expect a dependency of Secchi depth on 


month of year due to varying sun altitude, it appeared that 
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other parameters and factors such as upwelling and fresh 
water runoff had a dominating influence on transparency. 

some parameters were not included in paemeorT ce Mation 
coefficeint graphs and cross-plot figures, although they may 
occur in the summary tables. This was due to a limited amount 
of data available for analyses and/or strong inconsistencies 
resulting from correlation analysis. The parameters excluded 
were phosphate, phosphorus, nitrite and nitrate. Correla-- 
tions between Secchi depth and remaining parameters will be 
discussed separately. It should be noted that cross-plots 
of all paramater pairs were made for each ocean area studied. 
Pucures 5-ho- discussed below, were selected fas nepresenta- 
pave? Or Lypi call. 

a Color 

Forel color as was to be expected (Brown, 1973) 

eorrelated more consistently than any other parameter, with 
negative coefficients resulting in all cases but one. The 
exception occurred amMarsden sduare 132, subsquare 38, and 
mesulted in a slightly positive coefricient. Typical 
examples of Forel color plotted against Secchi depth are 
shown in Figures 5 through 7. Cross-plots of these two 
variables appeared to range from a nearly linear to a nearly 
exponential trend. The same ranges occurred in subsquares 
directly within coastal influences and subsquares having 


itetle or mo coastal TL MBE ILLS OKES ¢ 
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Beebo ccom Wepth 

As was expected, bottom depth correlated posi- 
tively. However, in a few cases negative coefficients 
resulted. Positive coefficients were especially pronounced 
in subsquares with shallow mean depths and well within the 
mane OF Coastal “ntluences. One would expect this result, 
considering -the»high -amount -of annual rainfall and runoff 
Ehat OCCUr in Japan and Korea. Large quantities of suspended 
and dissolved materials would be expected, resulting in 
decreased transparency in shallow coastal waters. Such a 
trend can be seen in Figures 8 and 9. Subsquares including 
waters with greater mean depths and with little coastal 
influence did not exhibit a pronounced trend. Coefficients 
for these subsquares varied from strongly negative to strongly 
positive. These observations appear to indicate that bottom 
depth has little or no influence on Secchi depth measurements 
in mid-ocean areas. 

See Lempcrature 

In all but four subsquares, temperature exhibited 
a positive correlation. The four exceptions occurred in sub- 
squares situated near or within bays and resulted in slightly 
negative coefficients. Cross-plot examples of temperature 
against Secchi depth are given in Figures 10 through 12. 
Figure 10 is for a shallow water, coastal subsquare, while 
Figures 11 and 12 are for deep water subsquares separated 
from coastal influences. The coefficients and cross-plots 


resulting from the temperature analyses indicate a strong 
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dependence between Secchi depth and sea surface temperatures. 
This is not surprising, especially in areas where upwelling 
results in lower temperatures and increased amounts of 
Heer wenesenear the seaw@strftiace. Whis! in turn would tend to 
enhance phytoplankton blooms and thus lead to lower Secchi 
@epcths. | 
ria rn ty 

A consa stent correlation or trend between Secchi 
depth and salinity was not apparent except in subsquares sub- 
vect to high amounts of fresh water runoff. In these sub- 
Squares positive coefficients resulted and the cross-plots 
have an exponential-Jike character. This pattern is illus- 
trated in Figure 13 and was not unexpected considering the 
high amounts of terrigenous suspensions that can result 
with fresh water runoff. However, in deep water subsquares 
MWiyeaeenicOds tal Influence nowconsisStent pattern on correla- 
tion was apparent. . An example of a cross-plot for a deep 
water subsquare is provided in Figure 14. 

©. sigma-t 

Due to inconsistencies in salinity patterns and 
coefficients no single general correlation was noted between 
sigma-t and Secchi depth measurements. However, the same 
exponential-like pattern exists for subsquares subject to 
fresh water runoff. Examples of patterns resulting from 
fresh water runoff and deep water subsquares are given in 


Figures 15 and 16 respectively. 
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ioe xyY £ Cn 
In all but five subsquares oxygen exhibited 
negative correlation. The five exceptions resulted in 
cmlaishtly posativescorrelations and occurred in both deep and 
shallow water subsquares. Negative coefficients were 
expected due to effects of fresh water runoff and photo- 
-synthetic activity. Examples of both shallow and. deep water 
subsquares are illustrated in Figures 17 and 18 respectively. 
eae cate 
No consistent patterns were noted between sili- 
cate and Secchi depth except in subsquares subject to fresh 
water runoff. ‘An exponential-like pattern resulted in these 
subsquares and is illustrated in Figure 19. Brown (1973) 
also found a similar pattern existing in the vicinity of the 
Columbia River discharge along the Northwestern coat ou the 


United States. 


2. Open Ocean Areas 


Open ocean areas were selected for. further analysis 
to determine if the trends noticed in the Japanese and 
Korean waters held elsewhere. The areas are shown in 
Figures 1A and 1B and their boundaries are given in Table \V. 
Special attention was given to trends Wesultine f£or deep 
water subsquares. Summaries of data distribution, parameter 
mean values, and resulting linear correlation coefficients 
are tabulated in Tables VI, VII, and VIII respectively. 
Graphs of correlation coefficients for most of the selected 
areas are plotted in Figures 20A through 20C. Results BO IE 


the Atlantic and Pacific Oceans will be discussed separately. 


a5 


_ «o 





a. Atlantic Ocean 

For all areas selected in the Atlantic Ocean 
bottom depth and temperature resulted in weak positive cor- 
meolacion cociticiients. Aistrong dependenecewot Secchi depth 
on temperature is again displayed for the open Atlantic 
waters. Forel color and oxygen also exhibited the negative 
correlations “observed ‘for the: Japanese~and ‘Korean waters. 
However, salinity and sigma-t exhibited strong positive and 
negative correlations, respectively, in areas located north 
of 20 degrees south latitude, whereas in the Japanese and 
Korean waters much variability was found. 

The correlation coefficient graph (Figure 20A) 
ior §areasmlocated between 60 degsrees#north and 20 degrees 
south latitude was of particular interest. Because of the 
femsiStencies in correVation coefficients for several para- 
Meter oumtewdaomuclt that deiairlyercliable relationship 
between Secchi depth and other simultaneously measured 
parameters might result from further analysis of this area. 

Daeracitic Ocean 

Unfortunately, data for analysis in the mid- 
Pacific Ocean were very limited in number. However, five 
areas in the western Pacific and one area in the eastern 
Pacific (Figure 1B) were selected for study. 

Resulting correlation coefficients were highly 
variable for the areas analyzed, as can be seen from the 
@orrelation coefficient graphs in Figures Z0B and 20C., 


Forel color again exhibited negative correlations except for 
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Area 9, «fhe exception resulted in no correlation due to a 
standard deviation of zero in color. Bottom depth and tem- 
perature normally led to positive correlations. However, 
bottom depth correlated negatively in Area 6. This is 
Beliteved to beg the resultyot data®from stations located in 
Picea vlcinetyoot the Mariana Trench. Although great depths 
do .-occur at ‘this location, low transparency may have 
resulted due to runoff from the nearby islands. Eastward of 
the trench, shallower waters and higher transparencies could 
be expected. 
Pee GINEAR CORRELATION COEFFICIENTS USING 

MEAN CHEMISTRY VALUES 

Summaries of parameter mean values for seawater 
ehemistry ana resulting Linear correlation coefficients are 
Eabulateéd in Tables IX and X for the Japanese and Korean 
waters shown in Figures 3A and 3B. Similar summaries are 
also tabulated in’Tables Xl and XII for the selected open 
Mecanwareas Simduicated in Figures 1A and 1B. The use of *mean 
values of parameters averaged over the Secchi depth accord- 
ing to the procedures previously outlined did not result in 
significant improvements in correlation coefficients over 


those based on surface values only. 


fe LIME SERIES ANALYSIS 

Marines po luton has Tesulted an tong term chances in 
certain chemical parameters obtained along polluted 
coastal waters and in shallow seas. For example, dissolved 


oxygen content below the halocline has decreased during 
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recent decades while phosphate concentrations have been 
steadily increasing during the past six decades in the 
Baltie Sea (Fonselius, 1970). 

Time series analyses were attempted for the Baltic and 
Red Seasto find possible long term trends in average monthly 
mia yearly SeGchiymeasurements asja result of increased 
pollution. Secchi data from NODC were compared to .data col- 
lected in the Red Sea by Luksch (1901). Long term trends 
were not apparent for either of these areas based on the 
available data. 

Time series analyses were further utilized to study 
the relationship between Secchi depth and upwelling index 
near the Oregon coast and for Monterey Bay. Results from 
these analyses are discussed in the followine™’sections . 

1. Oregon Coast 

Unfortunately, insufficient NODC data were available 

for time series analysis for most of the areas for which 
upwelling indices were available. The only exception was in 
the vicinity of 45°N x 125°W near the Oregon coast (Figure 
21). Sufficient Secchi data were available for analysis at 
this location for the years 1961 and 1962. 

| Three-month running means of Secchi depth and monthly 
upwelling indices are plotted in Figures 22 and 23 for years 
1961 and 1962 respectively. An inverse relation between the 
two parameters was evident with a possible phase lag of mean 
Secchi depth compared to monthly upwelling indices. In 


Figure 22 the latter are seen to peak more than two months 
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before a minimum in the Secchi curve is reached, while in 
Figure 23 for the following year such a phase lag is not 
eyldent. weine results were expeeted since upwellang intro- 
duces large quantities of nutrients to the euphotic zone and 
ioe this Condugive to hich organic production, which in turn 
leads to decreased Secchi depths. Bakun's (1973) calculations 
show that near the.Oregon-coast. upwelling is both less per- 
Sastent and less intense than off the California coast to the 
south, where offshore Ekman transport is present throughout 
most of the year. In Oregon waters summer upwelling is seen 
to accompany the change in wind pattern from southwesterly in 
Winter to northerly in summer. During 1961 and 1962 upwel- 
ling was strongest in July with values of 51 and 107, 
respectively, while yearly averages were -34 and 6. 
Upwelling values remained nearly constant throughout the 
Summer of 1961. On the other hand, a rapid increase in up- 
welling was Secret for July 1962, with a rapid decrease in 
the following months. 

Anderson (1964) studied the seasonal and geographic 
distribution of primary productivity of the Washington and 
Oregon coasts as evidenced by data collected on 14 cruises 
conducted from January 1961 to June 1962. He observed a 
spring bloom of phytoplankton during May and a smaller 
autumn bloom in August 1961. However, a close inspection 


of seasonal and horizontal contours of primary productivity 


‘ 
The units associated with the upwelling ‘index are m?/s/ 
#O00m.5 See p. 27 above. 
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revealed a steady increase from May through August near 45°N 
x 125°W off the Oregon coast. Anderson also found stimula- 
tion of production by coastal upwelling to be especially 
evident in August. 

Figures 22 shows a rapid decrease in mean Secchi 
depth occurring from February through May and a smaller 
“decrease £rom Junethrough October. The rapid decrease is 
attributed to the spring bloom of phytoplankton observed by 
Anderson. However, a minimum in mean Secchi depthdid not 
occur until October. Anderson noted that difficulty was 
encountered with the productivity measurements during his 
September-October cruise with too few values to contour 
adequately. Nevertheless, he did observe that the influence 
of coastal upwelling appeared to advance westward as the 
summer progressed with a maximum westward extent occurring 
in October. | 

A minimum value of mean Secchi depth was observed 
for May 1962 (Figure 23), again corresponding to a spring 
bloom of phytoplankton observed by Anderson. The increase 
in Secchi depth observed for the remainder of the year 
possibly may be attributed to the rapid decrease in upwelling 
indices after July. 

Figures 24 and 25 are plots of Secchi depth versus 
upwelling index for years 1961 and 1962 respectively. 
Figure 26 gives a combined plot using data from both years. 
Regression equations and corresponding curves are also 


provided in the figures for each year, with a dashed 
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regression curve shown in Figures 22 through 25 and based on 
thes two-year combined data. Table XIII is a tabulation of 


Sao NE 


multiple regression equations of the form Le 
where Ze represents Secchi depth and U represents upwelling 
index which resulted from the Oregon coast study. These were 
generated by using a stepwise regression subroutine available 
in “the *BTOMED ‘program (Paxon, £973). “Several transgenera- 
tions of upwelling index were performed in constructing the 
equations, and at each step the transgenerated form which 
made the greatest reduction in the error sum-of-squares was 
added to the regression equation. At each step in the pro- 
eedure the multiple correlation coefficients served as an 
indication of how well the regression equations fit the data. 
The higher Secchi values occurring aT de ele ool 
compared with 1962 were probably the result of a somewhat 
lower yearly average in upwelling index. The regression 
curve for 1961 shown in Figure 24 approached a maximum 
Secchi value with decreasing upwelling mchices However, 
upwelling did not appear to be strong enough to result in 
a normal seasonal maximum productivity and a resulting 
minimum Secchi value as low as is usually found. Both a 
maximum and a minimum were approached by the regression 
curve for 1962 shown in Figure 25. This was also apparent 
in the regression curve for the combined data (Figure 26) 
with maximum and minimum calculated values of 19.3 and 8.3 


meters respectively. 
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eee on Gen ey Bay 


a. Relationship Between Secchi Depth 
and Upwelling Index 


Secchi data were available for years 1968 
through 1973 from cruises conducted by Hopkins Marine Station 
of Stanford University on Monterey Bay. A preliminary inves- 
tigation revealed an abundance of Secchi data obtained from 
PopkinSmealCORT Stations tor the four years 1970-1973 and 
mCi al Cor statiome tor year oye. Forsthnis reason, 
and due to the distance separating the stations and the 
surrounding coast, stations 3 and 4 and years 1970-1973 
wememcc lected tor analysis. ihe locations of the stations 
are)shown in Figure Z7. Unfortunately upwelling indices 
meltemilOt sava 1 lable enoreMontercyehawehe iandices used were 
womemlatctmaorethe Point BSO°N x 122°W (Fissure 21) which as 
approximately 52 nautical miles south of CalCOFI station 4. 

In contrast to the Oregon coast Monterey Bay 
1S a region of strong upwelling during much of the year. 
Peak upwelling values ranged fromgja low of 221 for June 1971 
POmamnL on Of 207mror Aprileelo7) with intermediate peak values 
ut icemenem | O72 angel vebeg oem cCavlyeaveraces were also 
Dwele ray ceIindc wr Onueewoms—vean period being 116. 

Mean monthipmscechindenths for CalCOPl station 3 
and monthly upwelling indices are plotted in Figures 28 
Li iGiie( corto s Pont NGmteommcans 1970 through 1973, nespec- 
tively. Figure 32 is a similar plot for CalCOFI station 4 
toumno/ land Figure Sseprovides @ quarterly plot for CalCOFI 


station 3 for 1970 through 1972. An inverse relation between 
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mean Secchi depth and upwelling index was observed in all 
cases. A phase lag of from one to two months in mean monthly 
Secchi depth was observed at station 3 for years 1970 through 
1972. However, such a phase lag between minimum Secchi 

depth and maximum upwelling index was not observed for 1973 
pimealCOPT station 3 or at CalCOFI station 4 for 1971. 

Plots -of ‘mean Secchi-depth versus -upwellaing 
index were again constructed for the Monterey Bay study. 
ic Scemappoartmilereures S4 through 37 for CalCOF!] station 3 
corresponding to years 1970 through 1973 respectively. 
iCure SomSeamplot @f 1971 datayfor CalCOFI station 4 and 
Figure 39 gives a combined plot of all data used in the 
Monterey Bay study. Regression equations and corresponding 
curves are again provided in the figures with a dashed curve 
(Figures 34-38) representing a best fit to the combined 
Monterey Bay data. A dashed curve representing a best fit 
to the combined Oregon and Monterey data is given in a 
tidrtery plot (Figure 33). A tabulation of multiple regres- 
Sion equations and multiple correlation coefficients 1s 
provided in Table XIV. 

The regression curve for 1970 approached a 
minimum in Secchi depth with increased values of upwelling. 
Downwelling apparently was not sufficient for a maximum in 
Secchi depth to be approached by the regression curves for 
Peer eaiGe i /te(stattonomomana 4) Higher Secchi values 
@eeurred in 1972 as a result of a lower yearly average in 
upwelling index, and a maximum Secchi depth was approached by 


the 1972 regression curve. However, more scattering of 
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data points and a significantly lower multiple correlation 
ctiretonennesll tea ime tne l!o/7Z analysis compared to pre- 
vious years. Scattering was even more pronounced in 1973, 
resulting in lower multiple correlation coefficients. 

The regression curve resulting from the combined 
Monterey Bay data is shown in Figure 39. A minimum in 
Secchi depth was approached by the curve beginning at an up- 
welling value of approximately 200. On the other hand, down- 
welling was not sufficient for the Secchi curve to approach 
a maximum Secchi value for the overall Monterey Bay study. 

Ae plot ot meaneSeccehi depth versus upwelling 
index for all data used in both the Oregon coast and Monterey 
Bay studies is given in Figure 40. Both a maximum Secchi 
value of 18.7 and a minimum of 9.3 meters resulted from 
the overall regression curve, corresponding to low and high 
upwelling values of approximately ~200 and 200 respectively. 


b. Relationship Between Phytoplankton Wet 
Volume and Upwelling Index 


Plankton hauls were conducted by Hopkins Marine 
Station during cruises made on Monterey Bay from years 1956 
through 1967. Wet settled volumes of net phytoplankton were 
then measured, and monthly averages were tabulated using 
data taken at the six standard stations illustrated in 
Figure 27. The data were obtained from Hopkins, and a plot 
of monthly phytoplankton wet volume in milliliters against 
upwelling index was constructed and is shown in Figure 41. 


Unfortunately, plankton volumes and Secchi data were not 
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measured simultaneously, and a direct comparison between the 
measurements could not be performed. 

MieMouch ehere was considerable scatter, especial - 
ineton high values In wet volumes, in general a direct pro- 
Mert polality Cxisted. It 18 speculated that the scatter 
may be due to errors resulting from the technique used in 
ecHe wee volume Me@ourcmcno. =" iten UnemmeasimPemcnit is) Pentormed, 
eomplete Settling does not alwavs occur to produce a distinct 
boundary between the plankton and the liquid above. The 
incomplete settling may be the result of electrical charges 
existing Hm the plankton and lead to walues in the measurement 
higher than would otherwise be obtained. Because of the 
scatter no attempt was made to establish a regression equa- 


tion between the wet volume and upwelling index. 
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V. SUMMARY AND CONCLUSIONS 


Secchi depth reading’s are influenced by many sea water 
parameters. Although linear correlation coefficients cannot 
determine the exact nature of these relationships, they do 
provide anirdicetion "ol “gereral ‘trends. “Forel color , “oxy - 
gen, and water temperature appear to be the most consistent 
Timenc limeinecdmecorrelations with Secchi depth in both 
coastal and open ocean waters. Forel color exhibited trends 
toward an inverse proportionality with Secchi depth as 
previously indicated by Visser {1967). Oxygen measurements 
also exhibited trends toward an inverse proportionality with 
Secchi depth while temperature data indicated a possible 
direct proportionality. However, much variability was 
encountered Hn correlation coefficient values for coastal 
waters. 

In shallow: coastal water areas subject to high amounts 
Paetecoiewdtemerunorh bottom adepth data Indicated a direct 
proportionality with Secchi depth, and salinity and sigma-t 
exhibited positive correlations with exponential-like 
patterns when plotted against Secchi depth. Silicate cor- 
related negatively and also resulted in plots of an exponen- 
tial-like character. Such special trends were not apparent 
im deep water not Subject to coastal influences. 

NeowecOnsomerencies 1m dinearwcorrelation coefficients 


between Secchi depth and latitude, longitude, cloud cover, 
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iia om iimoteycat were found. and the scatter resulting from 
Grosis-plots Of these parameters did not indicate possible 
Bonmsistencies im correlations of higher order. Nitrate, 
nitrite, phosphate, and phosphorus data were too sparse to 
mLbOwerepresémtative analyses. 

Pinecar correlation results from the Atlantic open ocean 
MbAleCIaS , obAGLUGAMGetHe Meehan .between.20 degrees .sauth and 60 
lemrees north latitudes indicate a high degree of consistency 
Wemeoe fi 1 Gi Cn tes. 

Sea surface chemistry values appear to be valid in 
SOLGematLLOneanaly sus based one the present Study 8 Mie use oF 
mean Chemistry values of parameters averaged over the Secchi 
depth did not indicate significant differences beyond the 
use of sea surface values in linear correlations. 

PeenoOuoM Marines pOlMittenmm Lhe baltjemses fhias resulted 
mom lenesterm trends of Gertain Ghemical parameters, 
mopeGlaliyvecvidenmmcelow the haloeline, Secchi values there 
PomiGreanpecareto be Silgonitacantiy altered by such effects. 
lomewere Jong term trends evident for the Red Sea, an area 
for which Secchi data also span about seventy years. 

An inverse variation between mean monthly Secchi depth 
and upwelling index was observed for coastal waters along 
the Oregon coast and for Monterey Bay. A “phase lag" was 
observed between the time at which minimum Secchi depth 
occurred and that at which maximum upwelling occurred. 

Upwelling indices may be a valuable aid in the predic- 


tion of transparencies in coastal waters and in locating 
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areas of high biological production and potential fishing 
grounds. Although the regression equations resulting from 
the Oregon coast and Monterey Bay studies will not provide 
absolute values of Secchi measurements, a fairly reliable 
estimate should result when used in those areas studied, as 
eaacaked by wuen Correllation coefficients. The negression 


j oe err eheyaemnieal - 


equation, Z2--V3v85~— Y04°U + 3 7TSex 1a 
tiple correlation coefficient of .80 resulted from the Oregon 
coast data, where Ze is Secchi depth and U is upwelling 
index. A similar equation, 2-14.01 — SUS 1 ae ere hee One U’, 
With a correlation coefficient of .72 was derived using com- 
bined data from both the Oregon coast area and Monterey Bay. 

An inverse trend between phytoplankton wet volume and 
upwelling index occurred for data obtained for Monterey Ray. 
However, considerable scatter was observed, possibly result- 


ing from the technique employed in the wet volume measurement. 
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Work should continue to provide better world-wide cover- 
age of Secchi disc measurements with the other oceanographic 
parameters normally sampled. To ensure this, a program 
should ‘be established to provide better dissemination of 
Teac molraphie Wata-,eSpecialbly Older data = treme the various 
existing oceanographic institutions to NODC. 

Studies relating Secchi disc measurements to other ocean 
parameters such as the diffuse attenuation coefficient should 
be continued to check further the empirical relationships 
that have been formulated and their spacial variability. 

Both disc diameter and reflectance should be standardized 
or specified. Investigations should also be conducted to 
determine quantitatively the effects of varying sun altitude 
and wire angle on data taken with the Secchi disc. 

As more Secchi data become available, time series 
analyses should be performed in shallow seas and coastal 
regions to determine any long term effects in water trans- 
parency due to the various forms of Poet Lome 

Further research should be conducted in the Atlantic 
Gpenseccame areas to Stiidy consistencies between the linear 
correlations between Secchi depth and other simultaneously 
measured parameters for the different regions. 

Additional study should be devoted to the various upwelling 


regions of the world oceans to determine relationships 
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between Secchi measurements and upwelling indices to the end 
imatesitandingecrops may be predicted directly from the 


Hatter. 
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Table IV. Data Density Code Used in Figures 5-19 


The following table shows the symbols used in plotting 
Prequenecaecs) of; datagin BLOOMED O2D graphical output. Har 
example, a symbol K represents twenty data points ata 
particular x-y coordinate. 


PATA, POINTS SYMBOL DATA FORNTS SYMBOL 
1 1 21 L 
2 2 22 
by) > 23 N 
4 4 24 O 
e, 3; 25 P 
6 6 26 Q 
7 7d 2] R 
8 8 28 S 
3 9 29 ih 

10 A BO U 
11 B al V 
12 C a2 W 
10, D oa, x 
14 E 54 Me 
72 F oye Z 
16 G 36-41 - 
1 H 42-4/'] + 
18 T 48-54 * 
19 J 55-62 > 
20 K 63+ i 
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tables Ix, Parameter Means by Marsden Sub-Square Using 
Values Averaged to the Secchi Depth 


Deviations in Parentheses) 


Mar.oq. Sub-Saq. Temp. Salin. 
(Sc) (875) 
150 51 19.0 34.24 
(4.5) raciep) 
130 60 16.0 33.30 
(4.5) (2.05) 
130 61 Oat 34.05 
(4.6) (.65) 
130 92 13.0 33.53 
(6.1) (.80) 
ea 30 ora 33.82 
(5.0) (102) 
al 34 22 33.25 
(ARG) C7040) 
131 36 20.9 34.52 
(4.0) as) 
| 40 19.7 33.83 
(4.6) (.84) 
aq 45 17.9 31.08 
(5.8) (Cio4)) 
131 49 2004 34.43 
(3.8) (. 36) 
‘154 55 18.0 32.58 
(5.6) (1.51) 
131 59 18.0 33.354 
(4.5) CTE IES) 
131 65 18.8 33.73 
(5.4) (.63) 
14 70 16.6 33.88 
(SS) (.63) 
34 77 19.4 33.27 
(4.8) (1.66) 
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EIN BT 
(1.29) 


24.35 
(viene) 


Au HS 
(cic) 


2 Oe lO 
Giese) 


24,00 
(acti) 


DONG 
(1.40) 


24.11 
(i205 


23.86 
Gievoy 


Bea Ti 
Cee) 


Pies 
(1.14) 


Zoe 26 
(1.90) 


ADD 
CLE SiO) 


24.00 
Gaal 


24,64 
(1.65) 


2a), 
isc) 


(Standard 


05 
(m1/1) 


oo 
Coe) 


6.25 
(ylgeitle2) 
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Table IX. 


Mar.,sq. 


131 


oO 


2 
Y 


(Continued) Linear Correlation Coefficients by 
‘Marsden Sub-Square Using Values Averaged to the 
Secchi Depth (Standard Deviations in Parentheses) 





sub-5q. Temp. oaling Sigma-t O 
(Se) (8700) cine 
78 Gag, S928 PA On 5.14 
(6.0) (e243) iq .eie)) (.26) 
29 ALOR Bon 1 23.58 5.24 
a (4.4) G285) coy men. 4 () 
y 104 33.82 Dal OG ee 
Ga Ae) (.98) (ine. 640) 
49 19.1 Bo. 85 DULL 5.27 
(4.6) (98) (1.84) (.45) 
59 17.6 FM 2 24.35 Saas 
(4) (.92) Gime Gu) (.42) 
79 14.6 33.81 DIS) Oe 5.91 
(5.6) (.56) (1.49) OG) 


TZ 


a 





Wablesn.) lineare Correlation Coéffiicients hy Marsden 


Sub-Square Using Values Averaged to the Secchj 
Depth 


Mar.5q. sub=-sq. vemp. palin. Sigma-t 0» 

130 51 WA, = ae =P) do =. 996 
130 60 2104 « S49 pie -./25 
130 61 © 149 n226 =O 5 | SOAS: 
130 G2 266 «260 ~.163 -.198 
i | 30 2s eos -.034 =i 00 
TS 34 0179 » 709 324 -.209 
em, 36 son - 235, -.5905 -.907 
131 40 eas) =.292 =. 523 <2 OMY) 
1 | 45 -~.029 220 - 380 Ses 
| oe 49 200G E225 061 =r sis 
ba aT, « 304 0474 O07 =7 OE 
HD | B)e, 7047 SOMES - 402 -.058 
141 65 2529 =5 BOs 9 BIDE =.51/7 
1 oe 70 0471 6 BET -.47/3 -.629 
no 1 shail ~456 See -.161 ~.516 
ii rl 78 0226 «430 ONS) -. 746 
2 ZS 5S 170 -.079 -.256 
‘| oe 39 see ie -.079 2037 
132 49 « 340 -.253 =e 193 =. 159 
WZ 29 2 356 -.037 = 28 -.125 
132 WS 5 OS) -.367 -.054 
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Table XI. Parameter Means by Open Ocean Area Using Values 
Averaged to the Secchi Depth (Standard Deviations 
in Parentheses) 


Area J'em : Salin. Sigma-t 0+ 
(Pe) Loo) (m1/1) 

1 | Bae 35.29 26.64 5.82 
(4.5) (.52)> (,.68)—> (.57) 

2 24.4 36.28 in Ae 4.78 
wileApeu) (.63)~ (QS) (.56) 

3 22.6 36.65 DE. 2) AN Ta 
Gr (.45) (.83) (.24) 

4 9.4 Be. 10 BO 6.68 
(3.8) U2) (ios) CoB, 

5 20.3 34.50 24.07 4.94 
(3 4) (.36) (.95) (Aes) 

6 26.2 34.82 22.80 4.75 
(2.9) (29) (223) oA 

7 Done 34.60 22.05 4.62 
i St) (.33) (.50) (.36) 

8 28.6 34.58 DAT 4.51 
(fs), (5) (.37) icy 

g DT 34.48 21.78 4.44 
(.5) (.34) i525) (205) 

10 25.9 35.78 23.64 4.59 
(25749) (SE) Coe (2216) 

11 8.7 34.39 26.58 6.45 
(4.9) (.56) (.37) (.80) 
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Table XII. 


Area 


Sm WW NH 


© Ce) (@8) ~ Or AN 


DinciueGornme lation COctiticients hy Open Ocean 
Area Using Values Averaged to the Secchi Depth 


Temp. 


ey 4s) 
664 
0 54 3 
-.142 
2556 
0247 
~ 090 
~.006 
02355 
s029 
-.071 


Salin. 


0950 
~496 
~428 
«265 
0147 
Pa ode) 
5a 
-.187 
-. 468 
0 341 
-.057 
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Sigma-t 


~.485 
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wil 76 
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~.236 
» 003 
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Figure 1A. Marsden square chart showing open ocean 
areas studied in the Atlantic. 
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Figure 1B. veeecen square chart showing open ocean 
areas studied in the Pacific. 
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APPENDIX C 
TIME SERIES ANALYSIS 
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